Cell cycle exit is an obligatory step for the differentiation of oligodendrocyte progenitor cells (OPCs) into myelinating cells. A key regulator of the transition from proliferation to quiescence is the E2F/Rb pathway, whose activity is highly regulated in physiological conditions and deregulated in tumors. In this paper we report a lineage-specific decline of nuclear E2F1 during differentiation of rodent OPC into oligodendrocytes (OLs) in developing white matter tracts and in cultured cells. Using chromatin immunoprecipitation (ChIP) and deep-sequencing in mouse and rat OPCs, we identified cell cycle genes (i.e., Cdc2) and chromatin components (i.e., Hmgn1, Hmgn2), including those modulating DNA methylation (i.e., Uhrf1), as E2F1 targets. Binding of E2F1 to chromatin on the gene targets was validated and their expression assessed in developing white matter tracts and cultured OPCs. Increased expression of E2F1 gene targets was also detected in mouse gliomas (that were induced by retroviral transformation of OPCs) compared with normal brain. Together, these data identify E2F1 as a key transcription factor modulating the expression of chromatin components in OPC during the transition from proliferation to differentiation.
Introduction
A molecular understanding of the relationship between cell cycle and differentiation in oligodendrocyte progenitor cells (OPCs) is of great significance for a wide variety of human neurological and psychiatric disorders, ranging from schizophrenia to premature brain pathologies, and from demyelinating disorders to glioma. Proliferation is essential for maintenance of the OPC pool, whereas cell cycle exit is required for differentiation (CasacciaBonnefil and Liu, 2003; Frederick and Wood, 2004; Sohn et al., 2006) . These highly regulated events have important implications for brain development, when the number of myelinating cells has to adequately match the number of axons , and for repair from demyelinating conditions, when progenitors divide to generate an appropriate number of oligodendrocytes (OLs) for remyelination. Loss of regulatory control occurs in cancer, which is defined by the acquisition of proliferative advantage (typically achieved by escaping the cell cycle regulatory circuitry), changes in chromatin structure, and aberrant transcriptional regulation (Brock et al., 2007; Watanabe and Maekawa, 2010; Nair and Kumar, 2012) . Recent studies identified distinct subtypes of glioma based on expression profiling, with the "proneural" subtype sharing a substantial overlap with the OPC transcriptome (Verhaak et al., 2010) . Furthermore, injecting retroviruses that express mitogens (i.e., PDGF) into the subcortical white matter stimulated the massive proliferation of OPCs and induced the formation of tumors that closely resembled proneural glioblastoma . Therefore, understanding how cell cycle exit is coupled with differentiation is of great importance and direct relevance to dysmyelinating disorders and to mechanisms of gliomagenesis.
In broad terms, cell cycle entry is regulated by a series of "molecular switches," regulating the expression of genes affecting DNA synthesis and replication. A critical regulator of the cell cycle genes is the transcription factor E2F1 which, in its unbound state, forms complexes with the Dp1 partner and binds avidly to DNA (Martinez-Balbas et al., 2000) . The bioavailability of unbound nuclear E2F1 is dependent on the phosphorylation state of the retinoblastoma protein Rb. When unphosphorylated, Rb se-questers E2F1 (Dyson, 1998; Nevins, 1998) . Mitogens increase Rb phosphorylation by upregulating the activity of cyclin-dependent kinase (CDK) complexes (Sherr, 1994; Weinberg, 1995) , thereby releasing E2F1. Inhibitors of CDK activity (i.e., CDKI), which include members of the INK (i.e., p15Ink4b, p16Ink4a, p18Ink4c and p19Ink4d) and Kip (i.e., p21Cip1, p27Kip1, p57Kip2) family, negatively regulate Rb phosphorylation (Ruas and Peters, 1998; Sherr and Roberts, 1999) . The importance of Rb pathway regulation in OPCs was suggested by the role of CDKIs in modulating proliferation (Tikoo et al., 1998; Ghiani et al., 1999; Tang et al., 1999 ) and differentiation, since genetic ablation of the genes encoding for p21Cip1 (Zezula et al., 2001 ), p18 Ink (Tokumoto et al., 2002) , or p27Kip1 (Casaccia-Bonnefil et al., 1997 Durand et al., 1997 ) impaired the progression of OPC into myelinforming cells. Because increased CDKI activity results in loss of E2F1 activation, we focused our analysis on the identification of its target genes and performed an unbiased genome-wide analysis of chromatin occupancy in proliferating and differentiating OPCs.
Materials and Methods
Animals. Use of animals of either sex in this research was strictly compliant with the guidelines set forth by the US Public Health Service in their policy on Human Care and Use of Laboratory Animals, and in the Guide for the Care and Use of Laboratory Animals. Mice were maintained under a pathogen-free environment at Mount Sinai School of Medicine animal facility. All procedures received prior approval from the Institutional Animal Care and Use Committee (IACUC). Timed pregnancy Sprague Dawley rats and mice were purchased from Charles River Laboratory. Animal handling and experiments on rats and mice of either sex were performed according to the German animal protection laws (LANUV Nordrhein-Westfalen AZ 8. 87-51.05.20.10.262) .
Cell culture and treatment. Rat oligodendrocyte progenitors were isolated from the cortices of postnatal day 1 (P1) rats and cultured as previously described (Shen et al., 2008) . Differential shaking followed by magnetic beads immunoselection was used to isolate progenitors. Briefly, cells were incubated with the A2B5 antibody and purified using magnetic beads (Miltenyi Biotec), and then plated at a density of 2 ϫ 10 5 cells/ml on poly-D-lysine-coated 10 cm plates. Progenitors were maintained as proliferating by the addition of bFGF and PDGFAA (10 ng/ml) to the culture medium (DMEM, 100 g/ml albumin, 100 g/ml apotransferrin, 16 g/ml putrescine, 0.06 ng/ml progesterone, 40 ng/ml selenium, 5 g/ml insulin, 1 mM sodium pyruvate, 2 mM L-glutamine, 100 U/ml penicillin, 100 g/ml streptomycin). Differentiation was initiated by placing the cells in mitogen-free cultured medium and by adding L-3,3Ј,5-triiodothyronine sodium salt (T3 hormone, 45 nM) to induce oligodendrocyte differentiation or BMP4 (50 ng/ml) to generate astrocytes (Wu et al., 2012) . Mouse oligodendrocyte progenitors were isolated from P6 -P8 C57BL6 mice and cultured as previously described (Cahoy et al., 2008) . Briefly, dissociated mouse forebrains were resuspended in panning buffer. To deplete microglia, the single-cell suspension was sequentially panned on BSL1 panning plates and then incubated on PDGFR␣ plates. The adherent cells were trypsinized and plated onto poly-D-lysine-coated plates. The cultures were maintained under proliferating conditions by addition of PDGFAA (10 ng/ml) and bFGF (20 ng/ml) and then differentiated by adding T3 hormone (45 nM). The mouse oligodendrocyte precursor cell line Olineu (Jung et al., 1995) was grown on poly-ornithine-coated culture dishes. The immature Olineu cells were maintained in growth medium consisting of DMEM supplemented with 2 mM L-glutamine, 1 mM sodium pyruvate, 10 ng/ml biotin, 100 mg/ml apotransferrin, 100 mM putrescine, 20 nM progesterone, 30 nM sodium selenite, 5 mg/ml insulin, 1% horse serum, 100 U/ml penicillin, and 100 mg/ml streptomycin. Differentiation was induced by switching the cells to a serum-free medium containing 45 nM T3. The Pten;p53 knock-out glioma cell line, obtained as described by Lei et al., 2011, was maintained in culture in growth medium consisting of DMEM supplemented with 2 mM L-glutamine, 1 mM sodium pyruvate, 10 ng/ml biotin, 100 mg/ml apotransferrin, 100 mM putrescine, 20 nM progesterone, 30 nM sodium selenite, 5 mg/ml insulin, 1% horse serum, 100 U/ml penicillin, and 100 mg/ml streptomycin.
Tissue collection and sectioning. Mice were perfused intracardially with 4% paraformaldehyde in 0.1 M phosphate buffer. Brains were removed from the skulls, postfixed overnight, and cryopreserved by sequential immersion of 10%, 20%, and 30% sucrose solution in 0.1 M phosphate buffer, pH 7.4. Brains were then embedded in OCT (Fisher Scientific) and sectioned (12 m).
Immunohistochemistry and immunocytochemistry. Floating brain sections from mice at P2, P7, and P18 were immunostained with antibodies against E2F1 (1:500, Sc-193, Santa Cruz Biotechnology), PDGFR␣ (1: 100, SC-338, Santa Cruz Biotechnology) and CC1 (1:250, OP80, Calbiochem). Sections were incubated with antibodies overnight at 4°C primarily diluted in 0.1 M PBS, pH 7.4, containing 0.01% Triton X-100 (v/v) and 5% normal goat serum (v/v). For secondary antibodies we used TRICI-conjugated AffiniPure goat antibody to mouse IgG and CY5-conjugated AffiniPure goat antibody to rabbit. Sections were incubated with secondary antibodies for 1 h at 22-25°C, then washed and mounted on the slides. For cell counting, z-stacks of 1 m-thick single plane images were captured through the entire thickness of the slice using a confocal microscope (5100 Zeiss) and collapsed before using NIH ImageJ. Measurements were taken from 15-20 m tissue sections obtained from three to four mice per group. Cells were quantified using unbiased stereological morphometric analysis for white matter to obtain the estimate of the total number of positive cells. The percentage of cells expressing the above markers was estimated by scoring the number of cells doublelabeled with the markers. Statistical analysis was determined using Student's t test.
For immunocytochemistry, cells were fixed with 4% paraformaldehyde and washed three times before incubation with primary antibodies, BrdU incorporation and labeling. Proliferating cells were labeled by intraperitoneal BrdU (Sigma-Aldrich) injections. Mice at P2, P7, and P18 were injected 2 h before being killed with 100 g/g BrdU. After injection, animals were anesthetized with isoflurane and transcardially perfused with 0.1 M PBS, pH 7.4, followed by 4% paraformaldehyde. Brains were postfixed in 4% paraformaldehyde overnight. Serial coronal and sagittal sections (50 m) were cut using a microtome (American Optical), collected in PBS, pH 7.4, and stored at 4°C until use. For BrdU labeling, the tissue was pretreated with 2 N HCl and neutralized in 0.1 M boric acid, pH 8.5. After washing, sections were incubated with primary antibody (1:50 anti-BrdU, BD Biosciences) overnight and then with the secondary antibody (1:200 TRITC-conjugated AffiniPure goat anti-mouse, Jackson ImmunoResearch Laboratories) for 1 h. After washing in PBS, pH 7.4, sections were mounted and analyzed by confocal microscopy (Zeiss).
RNA isolation and quantitative reverse transcription-PCR analysis. Primary cells or tissue derived from corpus callosum were homogenized in TRIzol Reagent, and RNA was isolated following the manufacturer's instruction and cleaned using the RNeasy Mini kit (Qiagen). Total RNA (500 ng) was used in 20 l of reverse transcription reaction, using qScript cDNA SuperMix (Quanta BioSciences). Quantitative reverse transcription (qRT)-PCR was performed using PerfeCTa SYBR Green FastMix (Quanta BioSciences) in an Applied Biosystems 7900HT Sequence Detection PCR System. The melting curve of each sample was measured to ensure the specificity of the products. Data were normalized to the internal control Gapdh or 18S and analyzed using a Pfaffl ⌬⌬C t method.
Primers used in quantitative PCR are given in Table 1 for rat transcripts  and Table 2 for murine transcript.
Clustering and ontology analysis. The expression data for the time course of oligodendrocyte differentiation used for the clustering analysis was previously published (Swiss et al., 2011) . Ontology analysis of each coexpressed group of genes was performed using the Database for Annotation, Visualization and Integrated Discovery (DAVID) ontology software as previously described (Dennis et al., 2003; Huang et al., 2009; Swiss et al., 2011) using the whole genome as the background dataset and an EASE score Ͻ 10 Ϫ3 considered highly enriched ontology groups. ChIP Enrichment Analysis (ChEA) was performed by interrogating ChEA software (http://amp.pharm.mssm.edu/lib/chea.jsp) as described previously (Lachmann et al., 2010) . The microarray data where described previously (Swiss et al., 2011) . Data where obtained from cultures containing Ͼ95% oligodendrocyte (OL)-lineage cells. Upon differentiation, these cultures contained 90 -95% GalC ϩ /MBP ϩ OLs. Less than 1% of the cells in the culture expressed the neuronal marker Neurofilament-H and the remaining 5% were astrocytes.
Chromatin immunoprecipitation and ChIP-Seq. Chromatin was isolated from rat or mouse OPCs (Ͼ10 ϫ 10 6 cells) and from oligodendrocytes (Ͼ10 ϫ 10 6 cells) maintained in differentiation medium for 1, 3, or 5 d as previously described . The size of the DNA in the sheared chromatin fragments was tested before precipitation by Bioanalyzer to ensure that the majority of the fragment size was 200 -400 bp. Immunoprecipitation was performed with 2.4 g of anti-E2F1 (Sc-193, Santa Cruz Biotechnology)/1 unit OD 260 readings. A total of 2.5 units of chromatin were used per condition. The DNA recovered from chromatin that was not immunoprecipitated was used as input. Chromatin that was immunoprecipitated with protein A-Dynabeads (Invitrogen, CA) in the absence of primary antibody (no Ab) was used as a negative control. The input and ChIP samples were sequenced by Illumina HiSeq 2000. The read sequences were generated by analyzing images and base calling using the Illumina data analysis pipeline. After quality control filtering by FASTAX (http://hannonlab.cshl.edu/fastx_toolkit/), only the read sequences with a quality score Q20 in at least 90% of bases were included for analysis. The reads from both Input and ChIP samples were first aligned to Rat Reference genome (build rn4 from University of California, Santa Cruz) using Bowtie, an ultrafast alignment method (Langmead et al., 2009) . The peaks in the ChIP sample in reference to the input sample at day 0 (D0) and D1 were called from read alignments by the MACS algorithm (Zhang et al., 2008) and then annotated with gene information including the distance to Transcription Start Site (TSS) and locations in genes from genome mapping information of RefSeq transcripts. The peaks within 100 kb of TSS of the gene region for D0 and D1 were compared and only the peaks with Ͼ2.5 peak enrichment in D0 versus D1 were considered. The unique gene list characterized by a Ͼ2-fold decrease upon OL differentiation was then annotated using the software package DAVID (Dennis et al., 2003; Huang et al., 2009 ). The genes were clustered using the functional annotation clustering tool, and we only analyzed the ontology terms found in "Biological process" libraries.
Primers used for validation in quantitative PCR (qPCR) after ChIP are given in Table 3 for murine genes and Table 4 for rat genes.
Silencing of E2F1. Pten;p53 knock-out glioma cells (2 ϫ 10 5 ) were infected in vitro with GIPZ E2F1 shRNA viral particles (VGH5526-EG1869, Thermo Scientific) at multiplicity of infection ϭ 5 in proliferation medium. Turbo GFP expression marked cells expressing the shRNA. After 48 h, infected cells were selected with puromycin (1 g/ml) and cells were finally harvested for analysis after 72 h postinfection.
Silencing of E2F4. After immunopanning, 2 ϫ 10 4 OPCs were plated onto each well of an 8 well chamber slide. The following day 100 nmol/L siRNA was transfected into OPCs using Dharmacon TR#3 (Thermo Fisher Scientific, T-2003-01), siGenome Smartpool targeting E2f4 (Thermo Fisher Scientific, M-054294-000) and nontargeting siRNA pool (Thermo Fisher Scientific, D-001206-13). Transfection procedure was done according to the manufacturer's instructions. After 4 h of transfection, complexes were washed off cells and medium was changed to proliferation medium.
Mouse glioma model. Proneural gliomas were generated as described by . Briefly, PDGF-IRES-Cre retrovirus was injected into the subcortical white matter of adult mice that harbor floxed tumor suppressors (Pten and p53) and stop-floxed reporters. We used the coordinates of 2.1 mm lateral, 2.2 mm rostral, and 1.8 mm deep (2.1 mm ϩ 2.2 mm ϩ 1.8 mm) with bregma as the reference point. Using a stereotaxis platform, 0.4 l of retrovirus was injected into the brain with a Hamilton syringe (flow rate 0.1 l/min). All injections were done in mice between 6 and 8 weeks of age. All mice developed tumors with retrovirus injection. Following IACUC guidelines, animals were killed at the first sign of tumor-induced morbidity.
Microarray-based expression profiling of gliomas and validation by RT-PCR. Normal adult mouse forebrain and end stage mouse tumors were dissected and snap frozen, and then shipped on dry ice to the Bionomics facility at Rutgers University for expression array analysis. The platform used was Affymetrix GeneChip Mouse Genome 430A 2.0 Array. The microarray labeling, hybridization, and quality controls were performed by following Affymetrix protocol. Raw data were then normalized and summarized by robust multichip average (RMA). A heat map of the expression data was generated using MeV version 4.8 (Saeed et al., 2003) . Gene expression levels were normalized across samples for each gene. Red corresponds to high expression and green corresponds to low expression.
Statistics. One-way ANOVAs were performed to determine significance for immunocytochemistry and immunohistochemistry at differ- ent time points. Assuming that significant main effects were observed ( p Ͻ 0.05), Bonferroni post hoc tests were used to compare selected groups. Student's t tests were used for all other comparisons, including immunocytochemistry and qPCR analysis. ChIP-Seq-related statistics are described in the main text. All values included in the figure legends represent mean Ϯ SEM. To identify the statistically significant differentially expressed genes between the two mouse models and normal mouse brain samples, we used the limma package (Smyth, 2004) .
Results
Temporal relationship between OPC exit from the cell cycle and initiation of transcriptional program of differentiation Differentiation of OPCs requires the coordinated exit from the cell cycle and initiation of a transcriptional program, modulated by chromatin reorganization. To better define the events regulating this critical transition between proliferation and differentiation, we first characterized the time course of cell cycle exit in a homogeneous population of OPCs. The proliferative state of the cells was monitored by assessing the expression of Ki67, a cellular marker of all the active phases of the cell cycle (G 1 , S, G 2 , and mitosis) and absent from resting cells (G 0 ; Scholzen, 2000) . Differentiation was initiated by the removal of the PDGF〈〈 and the addition of thyroid hormone (T3). In agreement with previous reports (Ferret-Sena et al., 1990; Barres et al., 1994; Pasquini and Adamo, 1994; Gao et al., 1998; Tokumoto et al., 1999; Kaka et al., 2012) , T3 treatment for more than 1 d favored the generation of O4 ϩ late progenitors, decreased Ki67 nuclear expression, and decreased the percentage of double-positive Ki67 ϩ /O4 ϩ during differentiation (Fig. 1A) . These data suggested that in cultured OPCs, the time course of cell cycle exit coincided with the initiation of differentiation toward a myelinating phenotype. The time course of differentiation was defined by decreased levels of the progenitor marker Pdgfr␣ (Fig. 1B) and the corresponding increase of the myelin transcripts 2Ј,3Ј-cyclic nucleotide 3Ј-phosphodiesterase (Cnpase), myelin-associated glycoprotein (Mag), proteolipid protein (Plp), myelin-binding protein (Mbp), and myelin oligodendrocyte glycoprotein (Mog; Fig. 1C ) in RNA samples collected from primary OPCs differentiated in the absence of mitogens and in the presence of T3 for 1 (D1), 3 (D3), and 5 (D5) d. Together, these results suggested that the time course of cell cycle exit coincided with the initiation of differentiation toward a myelinating phenotype.
To determine whether a similar temporal relationship between proliferation and differentiation also occurred in vivo, we studied the behavior of OPCs in the developing corpus callosum. We used immunohistochemistry for Ki67 to detect proliferating cells and NG2 expression as a marker for oligodendrocyte progenitors (Nishiyama et al., 2009 ) at P2, P10, and P18. In agreement with the in vitro results, we detected a progressive reduction in the number of double-positive NG2 ϩ /Ki67 ϩ cells occurring over time (Fig. 2 A, B) . These data were consistent with a similar time course of decreased expression of Pdgfr␣ transcripts (Fig. 2C ) and concomitant increase of myelin gene transcripts (Cnpase, Mag, Plp, Mbp, Mog) , starting during the first week and progressively increasing during the second and third postnatal week (Fig. 2D) . Together, these results support the notion that OPCs stop expressing progenitor markers (i.e., PDGFR␣ and NG2) and lose their proliferative capacity as they differentiate into oligodendrocytes.
OPC differentiation correlates with a lineage-specific decline of nuclear E2F1 and with cell cycle exit The decision of progenitors to proliferate or growth arrest is modulated by the activity of CDKs, which regulate the phosphorylation status of the pocket protein Rb and ultimately determine the sequestration or release of the transcription factor E2F1 (Dimova and Dyson, 2005) . Of the several members belonging to the E2F family, only E2F1 to E2F5 have the ability to bind to Rb (Frolov and Dyson, 2004) and have been reported to have cell context-specific roles (Swiss and Casaccia, 2010) . To determine the expression of E2F family members during the progression of OPC to distinct lineages, we assessed the transcript levels in proliferating OPCs cultured either in the presence of T3 to induce oligodendrocyte differentiation or in the presence of BMP4 to induce astrocytic differentiation (Fig. 3 A, B) . Notably, the levels of Pdgfr␣ were reduced in both conditions, whereas the upregulation of myelin genes was detected only in T3-treated cells (Fig.  3A) . Of the distinct E2F family members within the rat genome (E2f1, E2f3, E2f4, E2f5) most of the transcript levels did not differ between the two lineages, with the exception of E2f1, whose dramatic downregulation was detected only in cells differentiating toward oligodendrocytes (Fig. 3B) . To better define the temporal regulation of E2F1 during OPC differentiation, we also tested the transcript levels in RNA samples collected at multiple time points during oligodendrocyte differentiation. A dramatic reduction of E2f1 expression was detected as OPC exited the cell cycle, and its levels remained low throughout differentiation (Fig. 3C ). These changes in transcripts were associated with decreased protein levels. Immunocytochemistry of E2F1 revealed predominant nuclear immunoreactivity in primary proliferating OPCs (Fig. 3D ) and cytoplasmic localization after cell cycle exit followed by a progressive decline in expression (Fig. 3 D, E) . Overall, these results identify E2F1 as an important regulator of the transition between OPC proliferation and differentiation. A similar decrease of E2f1 transcript levels was detected in RNA samples extracted from the corpus callosum at P2, P9, P16, and P23 (Fig. 4A) . This finding nicely correlated with the reduced number of E2F1 ϩ cells colabeled with the proliferation marker BrdU (Fig. 4 B, C) . Notably, the percentage of E2F1
ϩ BrdU ϩ cells decreased during differentiation, indicating that E2F1 was expressed only in proliferating cells and its levels declined as cells exited from the cell cycle and started to differentiate.
In addition, we detected a progressive nuclear-cytoplasmic localization of E2F1 in vivo (Fig. 4 D, E) . At postnatal day2, E2F1 was mainly found in the nucleus of PDGFR␣ ϩ OPC, whereas at postnatal day 18, E2F1 immunoreactivity appeared diffuse and cytoplasmic, in CC1 ϩ oligodendrocytes. Therefore, decreased nuclear E2F1 staining in progenitors correlated with increased Values were normalized by the levels of Gapdh and shown as relative to the levels detected at P2. The bar graphs represent the average values and error bars represent SD (n ϭ 3, **p Ͻ 0.01). B, Proliferating cells were labeled by an acute pulse of BrdU, which was administered 2 h before animals were killed at postnatal day 2, 7, or 18. E2F1 immunoreactivity (red) and BrdU staining (green) were imaged in the developing corpus callosum at the indicated postnatal time points (P2, P7, P18), using confocal microscopy. The insets provide a higher-magnification view of the BrdU-positive cells highlighted by a white box in the low-magnification panel. C, Bar graphs indicate the percentage of proliferating cells expressing E2F1 which is represented as number of double-positive BrdU/E2F1 cells relative to total cell number in the developing corpus callosum (n ϭ 3, **p Ͻ 0.01, ***p Ͻ 0.05). D, E2F1 protein expression (red) and PDGFR␣ (light blue at P2) or CC1 (light blue at P18) reveals the nuclear localization (DAPI ϭ blue nuclear staining) of E2F1 in progenitor cells at P2 and the progressive cytosolic shift in CC1 ϩ cells at P18. E, Bar graphs denote the relative proportion of oligodendrocyte cells with nuclear or cytosolic E2F1 immunolabeling at the indicated time points. ***p Ͻ 0.0001, 2way ANOVA. Scale bars: A, 50 m; D, 10 m.
E2F1 cytoplasmic staining in differentiating cells and with onset of myelination. Together, these results support the notion that nuclear E2F1 is predominantly detected in proliferating OPCs and that it becomes cytoplasmic as the cells proceed toward a differentiated phenotype, suggesting that E2F1-nuclear signaling might prevent the changes in gene expression required for oligodendrocyte maturation.
An unbiased genome-wide approach identifies cell cycle genes and epigenetic modulators as key transcriptional targets for E2F1
The relationship between cell cycle regulators and dynamics of global gene expression during oligodendrocyte differentiation was further strengthened by the identification of E2F1 as a key transcription factor in a clustering analysis of coregulated genes. Putative target genes included those that were highly expressed in progenitors, downregulated during differentiation (Swiss et al., 2011) , and functionally related to cell cycle control and nuclear structure as principal gene ontology categories (Fig. 5A) . The identification of E2F1 as a key regulatory node was defined on the basis of the statistical enrichment of the ChIP-validated E2F binding sites within the gene list (Fig. 5B) , using a web-based software system, ChIP Enrichment Analysis (ChEA) (Müller and Helin, 2000; Lachmann et al., 2010) . Two additional cell cycle regulators (i.e., Myc and p53) and stem cell-related transcriptional activators (i.e., Sox2, Pou5f1) were also identified as transcription factors regulating similar clusters, albeit with lower ranking (Cole and McMahon, 1999; Müller and Helin, 2000; Vogelstein et al., 2000; Graham et al., 2003; Evans and Liu, 2008) .
To clearly define the E2F1 target genes in an unbiased fashion, we adopted a genome-wide screen. Chromatin was cross-linked in proliferating and differentiating OPCs, immunoprecipitated with anti-E2F1 antibodies, and then processed for deep sequencing. This approach provided a snapshot of the biologically relevant E2F1 gene targets in proliferating and differentiating cells by addressing the chromatin occupancy in live cells. After alignment of the reads to the rat genome using Bowtie software, regions of binding were defined using a peak-calling software called MACS (Zhang et al., 2008) . To identify critical targets, we focused our analysis on genes with E2F1 binding peaks located within 100 kb Figure 5 . Genome-wide analysis of E2F1 gene targets during oligodendrocyte differentiation. A, The graph on the left shows the kinetic profile of expression of genes coregulated with cell cycle genes during oligodendrocyte differentiation in vitro, while the bar graph on the right identifies the main gene ontology categories of the 309 downregulated genes. B, Bar graphs identify the most significant transcription factors with ChIP-validated binding sites in the coregulated genes (i.e., ChEA). C, Flow chart depicting the method of analysis of the E2F1 ChIP-Seq data: from the raw reads to genome alignment and from peak detection to filtering based on genome positioning, enrichment, and biological significance. The total number of reads, peaks, and genes is indicated below each text box. Ontology analysis was conducted by using the software package DAVID. D, Bar graphs representing the two most significant ontology categories, plotted on the basis of their p-value. The total number of genes in each category is shown at the end of each bar. E, Representative list of genes characterized by E2F1 binding in proliferating cells but not in differentiating cells (defined in terms of enrichment of binding at D0 compared with D1).
of TSS and with Ͼ2.5-fold enrichment in proliferating cells compared with differentiating cells (Fig. 5C ). This analysis identified 236 genes that were further screened by overlap with genes characterized by a Ͼ2-fold decrease upon oligodendrocyte differentiation (Dugas et al., 2006; Swiss et al., 2011) . This stringent analysis identified 87 genes with strong E2F1 binding and high transcript levels in proliferating OPCs and with low E2F1 binding and transcript downregulation during differentiation. Remarkably, the gene ontology categories revealed by this unbiased genome-wide analysis identified cell cycle and chromatin regulation as the top-ranking categories (Fig. 5D ). Among relevant genes (Fig. 5E ) in these categories we identified cell cycle components (Ccne, Ccne1, Ccna2, Ccnb1, Ccnd2, Ccnb2, Cdc20, Cdkn3, Cdkn2c) , molecules regulating DNA methylation (Dnmt1, Uhrf1), chromatin components (Hmgn1, Hmgn2, Smarcb1), and RNA transcription (Pola1, Taf9, Hrnpd).
To validate the results of the E2F1-ChIP-Seq, we performed quantitative ChIP on chromatin samples isolated from murine Oli-Neu cells and immunoprecipitated with anti-E2F1 antibody (Fig.  6A ). We selected two target genes, one for the cell cycle category (i.e., Cdc2a) and one for the chromatin regulation category (i.e., Uhrf1). In both cases, E2F1 binding was found on the chromatin at the identified target genes in proliferating cells, but not in differentiating cells. This pattern of chromatin occupancy was associated with transcriptional changes in gene transcripts, with decreased levels of Cdc2a and Uhrf1 in differentiating mouse OPCs both in vitro (Fig.  6B ) and in vivo (Fig. 6C) . Although we cannot formally exclude the contribution of other cell types, it is worth mentioning that our interpretation of the oligodendrocyte lineage-selective downregulation of transcripts in vivo was detected in previously published datasets (Cahoy et al., 2008) . The transcript levels for Cdc2, for instance, did not change in neurons during the analyzed postnatal period, whereas a dramatic reduction of Cdc2 was detected as OPCs differentiated into oligodendrocytes and only a modest reduction could be ascribed to astrocytes. For Uhrf1 the oligodendrocyte-specific downregulation was entirely in agreement with previous data and further supported by the fact that this transcript is almost undetectable in neurons and relatively stable in astrocytes during the time period analyzed. Together, these data identify the transcription factor E2F1 as a key modulator of the transition between proliferation and differentiation by coregulating genes affecting cell cycle control and those affecting chromatin component and epigenetic modulators.
To further define the relationship between E2F1 and its target genes, we attempted to manipulate its expression using a silencing approach in primary OPC cultures. Unfortunately, all our attempts to directly target E2f1 in primary cells were unsuccessful and ended up in massive apoptosis (data not shown). To circumvent this issue, we decided to use a reverse approach and silence the repressive E2F4. The rationale behind this choice was based on the detection of an interesting switch between E2F1 and E2F4 binding to chromatin of the target genes of rat primary OPC (Fig.  7A-C) . Whereas E2F1 was found at the promoter of target genes (i.e., Uhrf1) in proliferating cells (Fig. 7A) , it was replaced by E2F4 and HDAC1 binding at the same sites as cells exited the cell cycle (Fig. 7 B, C) . These data suggested that E2F4/HDAC1 complexes might repress E2F1 targets as OPCs differentiate. For this reason, we considered a silencing approach of E2f4 in rat OPCs, as functionally equivalent to overexpressing E2f1. Indeed, siRNAs specific for E2f4 were effective in reducing its levels and resulted in modest upregulation of Ef1 and dramatic increase in Uhrf1 levels (Fig. 7D) . Overall, these data support the model of E2F1-direct regulation of epigenetic modifiers.
E2F1 target genes are deregulated in glioma tissues
Gliomas represent the most common and lethal adult brain tumors. They include a wide spectrum of malignancies ranging from slow-growing to highly aggressive tumors (Louis et al., 2007) . A critical property of tumor cells is their loss of the ability to properly respond to the environmental cues, thus deregulating the mechanisms of proliferation and differentiation. Altered expression of cell cycle genes has been highly associated with Figure 6 . Validation of E2F1 binding to target genes. A, Chromatin immunoprecipitation to validate binding of E2F1 on two mouse gene targets: the cell cycle gene Cdc2 (left) and the chromatin/DNA modulator Uhfr1 (right). Chromatin was isolated from murine Olineu cells either kept in proliferating conditions (D0) or cultured in differentiation conditions for 1 or 3 d (D1, D3) and immunoprecipitated with antibodies specific for E2F1. After reverse cross-linking, the bound DNA was amplified using primer sets specific for the mouse genomic regions (GRC m38/mm10 mouse genome) identified by the base pair distance from the TSS and drawn in gray on top of the genes. B, Validation of E2F1 target gene expression in primary cultures of mouse OPCs in proliferating (D0) and differentiating (D3) conditions. The transcript values of Cdc2 and Uhrf1 were measured by qRT-PCR, normalized by the levels of m18S and shown as relative to the levels detected at D0. C, Validation of E2F1 target gene expression in mouse corpus callosum at different developmental time points. The transcript values of Cdc2 and Uhrf1 were measured by qRT-PCR, normalized by the levels of m18S, and shown as relative to the levels detected at P2. The bar graphs represent the average values and error bars represent SD (n ϭ 3, *p Ͻ 0.05 **p Ͻ 0.01, ***p Ͻ 0.005).
gliomagenesis. For instance, the expression levels of genes encoding for positive regulators of cell cycle (cyclins, E2F1) have been show to be upregulated compared with controls (Tamiya et al., 2001; Alonso et al., 2005), whereas cell cycle inhibitors like p27Kip1 and p16Ink4a/p19Arf are downregulated (Kirla et al., 2003; Arifin et al., 2006; Hidaka et al., 2009 ). Given our results on the role of E2F1, not only in regulating cell cycle components, but also affecting genes with dramatic implications for chromatin structure and DNA methylation, we asked whether target genes identified in developing cells were deregulated in cancer. To this end we took advantage of brain tumors obtained by PDGF-IRESCre retrovirus injection into the subcortical white matter of adult mice that harbor floxed tumor suppressors (Pten in combination with Trp53) and stop-floxed reporters . Brain tumors with the histological features of glioblastomas formed with 100% penetrance in this mouse model, with a median survival of 27 dpi . As previously reported, microarray-based expression analysis showed that the Pten;Trp53 mouse tumors closely resembled the proneural subtype of human glioblastoma multiforme (GBM) (Verhaak et al., 2010) and were characterized by high levels of OPC genes including Pdgfra, Cspg4 (i.e., NG2), and Olig2 . A heat map from these microarray data revealed the relative upregulation of E2F family members (E2f1, E2Ff2, E2f3, E2f4 ), and their gene targets (H2afz, Hmgn1, Nup35, Pola1, Uhrf1, Ccnd2, Cdc2) in tumors compared with normal tissue (Fig. 8A ). As expected, myelin genes (Plp1, Mbp, Mog) showed an opposite trend, being downregulated in the Pten;Trp53 tissue compared with control (Fig. 8B) . To further validate the role of E2F1 in driving a specific transcriptional program in glial progenitors, we silenced E2f1 expression in glioma cells isolated from Pten;p53 mice (Sonabend et al., 2013) . This allowed us to also overcome the apoptotic effect of E2f1 silencing in normal cells. Indeed, glioma cell lines well survived the infection with shRNA specific for E2f1 (Fig. 8C) . A 50% reduction of E2f1 levels was detected in the E2f1-silenced cells compared with cells infected with scrambled controls (Fig. 8E ) and nicely correlated with the percentage of infected cells (Fig. 8D) . The effect of silencing was specific since, in addition to E2f1, the expression levels of the other E2f members were not significantly affected (data not shown; Fig. 8E ). The expression of all the E2F1 gene targets (Uhrf1, H2Az, Hmgn1, Pola1) was also dramatically decreased, and this was accompanied by the detection of higher transcript levels for oligodendrocyte differentiation genes, such as Mog (Fig. 8E) . Together, these results provide further support to the concept of gliomagenesis arising from loss of a critical element of regulation between cell cycle control and differentiation.
Discussion
Differentiation of progenitors into myelinating oligodendrocytes is a complex process requiring the tight coordination of proliferation, differentiation, and survival (Casaccia-Bonnefil and Liu, 2003; Raff, 2007; Emery, 2010) . To achieve such a level of complexity, cell cycle exit, RNA processing, and synthesis of myelin protein and lipids need to be highly regulated, and this is achieved by a complex interplay between transcription factors, chromatin components, and microRNAs (Lau et al., 2008; Gobert et al., 2009) . By focusing on the identification of the downstream targets of the transcriptional regulator E2F1, this study contributes to a better understanding of brain development and repair.
It is now well accepted that controlled proliferation is associated with physiological expansion of the progenitor pool followed by cell cycle exit and differentiation, as detected in the developing brain and in the adult brain in response to damage. Loss of regulatory control of glial proliferation, in contrast, is associated with lack of differentiation and gliomagenesis, which is often accompanied by dramatic changes in DNA methylation and global gene expression. This study identifies E2F1-regulated pathways of gene expression as relevant to normal OPC differentiation and deregulated in glial neoplasms that arise from malignant transformation of OPCs.
E2F1 was the first protein found to bind the tumor suppressor Rb and, to date, it remains the best characterized among the E2Fs (Bagchi et al., 1991) . E2F family members can positively and negatively regulate the expression of genes necessary for G 1 -S phase transition as well as many other genes necessary for cell-cycle progression in a variety of different cell types (Dimova and Dyson, 2005) . E2F1, as do other members of the E2F family (belonging to the "classical group"), forms heterodimers with DP proteins and binds to DNA with high affinity (Bandara et al., 1993) . Activity of classical E2F complexes is mainly regulated by their ability to interact with pocket proteins (Rb, p107, p130) . When pocket proteins are in their hypophosphorylated status, they sequester the activation domain (Helin et al., 1993) and prevent transcriptional changes (Blais and Dynlacht, 2007) . On the contrary, hyperphosphorylated pocket proteins are unable to interact with E2Fs (E2F1-E2F5), thereby releasing their activity and leading to the recruitment of chromatin modifiers and activation of gene transcription (DeGregori et al., 1995) . Despite the importance of E2F1 as a molecular switch to control cellcycle entry, little is known about its role in OPCs or oligodendrocytes. Previous studies of rat OPCs suggested that the proliferative effect of NT-3 was secondary to stimulation of the nuclear binding activity of E2F1 (Kumar et al., 1998) , whereas other studies reported direct repression of E2f1 level by thyroid hormone receptors, which are known to favor myelination in vivo (Nygård et al., 2003) . In addition, Rb downregulation has been associated with rat OPC differentiation (Huang et al., 2002) .
The rationale for focusing this study on the role of E2F1 as key regulator of the proliferation/differentiation transition was based on a series of converging evidence. First, E2f1 transcript levels are downregulated when OPCs differentiate into oligodendrocytes, but not when they are pushed toward the astrocytic fate by stimuli such as BMP4. Second, the expression pattern of E2f1 is inversely correlated with that of late differentiation genes (i.e., myelin transcripts). Third, E2F1 protein is exported into the cytoplasm upon differentiation of OPCs, both in cultured cells and in developing white matter tracts. Given the role of E2F1 as nuclear transcription factor, we concluded that its nuclear-cytoplasm shuttling might be required to dampen the E2F1-driven pattern of expression and allow the differentiation process to occur. Finally, E2F1 was identified as a critical regulatory node of gene clusters that are coregulated with cell cycle genes (Swiss et al., 2011) .
In this study we adopted genome-wide ChIP-Seq to identify the transcriptional targets of E2F1 at the transition between proliferation and differentiation in OPC, and identified chromatin components (i.e., Hmgn1, Hmgn2, H2Az) and modulators of DNA methylation (i.e., Uhrf1, Dnmt1) among the most significant target genes coregulated with modulators of the cell cycle (i.e., Cdc2, Ccnd2, Ccne, etc.) . The discovery that transcription factors involved in cell cycle control also play a pivotal role in regulating genes with important roles in chromatin structure and DNA methylation underscores the relevance of maintaining a tight control between cell cycle and differentiation in physiological conditions and its deregulation in cancer. It is interesting to note that the E2F1 target chromatin proteins, Hmgn1 and 2, belong to the high-mobility group of proteins and have been implicated in nucleosomal rearrangement (Körner et al., 2003; Reeves, 2010; Kato et al., 2011; Barkess et al., 2012; Kugler et al., 2012 Kugler et al., , 2013 , especially during processes related to DNA damage and repair (Birger et al., 2005; Masaoka et al., 2012) . Uhrf1 is a molecule previously reported to be expressed in OPCs (Dugas et al., 2006) . In proliferating cells it binds to hemi-methylated DNA and has been proposed to couple methylation of DNA to histone methylation (Hashimoto et al., 2010; Liu et al., 2013) , and has been implicated as a regulator of the fidelity to accurately transmit DNA methylation during the process of DNA replication (Bostick et al., 2007; Sharif et al., 2007; Arita et al., 2008; Avvakumov et al., 2008; Zhang et al., 2011) .
The identification of chromatin modulators as E2F1 gene targets would predict that the consequences of altering E2F1 are greater than just altering the expression of cyclins or CDKIs. Indeed, increased expression of cyclins and downregulation of CDKIs, including p27Kip1 and p16Ink4a/p19Arf, have been described in gliomas (Tamiya et al., 2001; Alonso et al., 2005; Arifin et al., 2006) , but altered expression of Rb (which is likely associated with increased bioavailability of nuclear E2F1) has been associated with worse prognosis (Hilton et al., 2004) . Our data suggest an important role of E2F1 in the transition between proliferation and differentiation of OPC and reveal the existence of an HDAC1-dependent switch during the downregulation of critical E2F1 targets, such as Uhrf1. The switch of gene regulation due to distinct E2F family members has been reported on the promoter of cell cycle genes (Takahashi et al., 2000; Wells et al., 2000) , and is supported by genome-wide analysis revealing a large overlap of E2F1 and E2F4 targets (Xu et al., 2007) . It is likely that downregulation of gene targets may result from a series of events, including nuclear-cytoplasmic shuttling of E2F1 (Ivanova et al., 2007) and possibly deacetylation of E2F1. Indeed, we report that silencing of E2f1 in glioma cells-characterized by lack of Pten and p53 (and thereby more resistant to apoptosis)-resulted in dramatic downregulation of the identified gene targets. Studies in different cellular systems described acetylation of E2F1, mediated by p300, Cbp, and PCAF, as critical for its DNA binding activity and function as activator of gene expression (Martinez-Balbas et al., 2000; Marzio et al., 2000) . Deacetylation of E2F1 is mediated by HDAC1 (Marzio et al., 2000) , an enzyme that we and others (Marin-Husstege et al., 2002; Shen et al., 2008) previously reported as necessary for oligodendrocyte differentiation. We previously identified YY1 as an important transcription factor binding to HDAC1 and recruiting it to specific genomic loci (He et al., 2007) . Here we show that HDAC1 is recruited to E2F binding sites on the genome, possibly exerting repression of its target genes by deacetylating E2F1 and modulating histone deacetylation at the transition between proliferation and differentiation.
Overall, these results identify E2F1 as crucial for oligodendrocyte development and provide insights into the important relation between cell cycle exit and chromatin modulation, with clear implications for potential mechanisms of tumorigenesis.
